, is enhanced by proton motive force 5, 6 and membrane-integrated SecDF [7] [8] [9] , which associates with SecYEG. The role of SecDF has remained unclear, although it is proposed to function in later stages of translocation as well as in membrane protein biogenesis 4, [10] [11] [12] [13] . Here, we determined the crystal structure of Thermus thermophilus SecDF at 3.3 Å resolution, revealing a pseudo-symmetrical, 12-helix transmembrane domain belonging to the RND superfamily and two major periplasmic domains, P1 and P4. Higher-resolution analysis of the periplasmic domains suggested that P1, which binds an unfolded protein, undergoes functionally important conformational changes. In vitro analyses identified an ATP-independent step of protein translocation that requires both SecDF and proton motive force. Electrophysiological analyses revealed that SecDF conducts protons in a manner dependent on pH and the presence of an unfolded protein, with conserved Asp and Arg residues at the transmembrane interface between SecD and SecF playing essential roles in the movements of protons and preproteins. Therefore, we propose that SecDF functions as a membraneintegrated chaperone, powered by proton motive force, to achieve ATP-independent protein translocation.
The functional importance of SecDF in protein translocation was previously shown in vivo 7, 9, 14 : the SecD-and SecF-deficient Escherichia coli mutant secD1 (producing negligible levels of SecD and SecF and exhibiting cold-sensitivity (Cs) for growth) is severely defective in protein export at any temperature. In E. coli, SecD and SecF (EcSecD and EcSecF respectively) are encoded by the secD operon (yajC-secDsecF) and form a tight complex 8 . Each protein contains six transmembrane (TM) segments, belonging to the resistance nodulation and cell division (RND) superfamily, and also a large periplasmic domain 15, 16 .
SecDF from Thermus thermophilus HB8
17 is composed of a single polypeptide chain (TtSecDF, molecular mass 80.5 kDa) containing 12 predicted TM regions and six periplasmic regions (P1-P6), among which P1 (TtSecDF 31-263 ) and P4 (TtSecDF ) are large enough to form distinct domains ( Supplementary Fig. 1 ). We solved the crystal structure of full-length TtSecDF at 3.3 Å resolution (Fig. 1a-c Table 2 ). The TtSecDF structure contains twelve TM a-helices with both termini facing the cytoplasm and P1 and P4 protruding into the periplasm (Fig. 1a, b) . The N-terminal (TM1-6) and C-terminal (TM7-12) halves are assembled pseudo-symmetrically, with TM4 and TM10 forming the primary interface between SecD and SecF (Fig. 1c) . The TM helices are membrane-embedded, except for the ,10 Å extensions of TM2 and TM8 that tether P1 and P4 respectively (Fig. 1a) . The tilted TMs 4, 5, 6, 10, 11 and 12 are curved near the cytoplasmic surface.
The NMR structure of P4 revealed a ferredoxin-like fold, consisting of four b-strands flanked by two a-helices (Fig. 1e) . P1, protruding by ,40 Å from the membrane, is divided into head (,25 Å periplasmic protrusion) and base subdomains (Fig. 1a, d ). The base subdomain of P1 (residues 36-111 and 251-263) is structurally homologous to P4; both form pseudo-symmetrical, eight-stranded, anti-parallel b-sheets that cover the TM region (Fig. 1a, b) . The crystal structure of isolated P1 (called the I form) revealed a ,120u rigid-body rotation of its head subdomain towards the periplasmic space, as compared to the orientation observed for P1 in full-length SecDF (called the F form) (Supplementary Fig. 3 ). Thus, SecDF can assume at least two different conformations, F and I, with distinct P1 configurations (Fig. 1f, g ). For this conformational change, the two loops connecting the head and the base could act as a hinge (Fig. 1a, d ), allowing the head to swing around the base. We built a model of the 'full-length I form' by superimposing the base subdomain of the isolated P1 structure onto that of the full-length SecDF. The in vivo occurrence of the two conformations was supported by disulphide crosslinking experiments, which further suggested that the conformational transition of SecDF is functionally important ( Supplementary Fig. 4a -e and Supplementary Discussion).
Despite the vital importance of SecDF in vivo, its specific role in translocation has not been defined. We examined whether SecDF functions in the steps subsequent to the SecA-and ATP-dependent initiation of translocation. A pro-outer membrane protein A (proOmpA) translocation intermediate was generated by subjecting 35 Slabelled pro-OmpA(L59) 18 to translocation reactions in the presence of SecA and ATP, with either wild-type inverted membrane vesicles (IMVs) or SecD-and SecF-deficient IMVs from the secD1 (Cs) mutant. This intermediate possessed a 59-residue disulphide-linked loop acting as an obstacle to translocation through the Sec translocon (Fig. 2b) . ATP was then depleted from the intermediate-bearing IMVs by glucose-hexokinase reaction cycles (Fig. 2a, lanes 1 and 6) . The addition of dithiothreitol to the wild-type IMVs restored translocation that could be supported by a proton motive force (PMF) even in the absence of ATP (compare Fig. 2a , lanes 2 and 4). In contrast, the SecD1 IMVs did not support any further translocation of the intermediate, regardless of the presence of a PMF (Fig. 2a, lane 7) . Instead, these IMVs tended to lose the intermediate (Fig. 2a, lanes 7 and 8) , probably owing to backsliding of the polypeptide 19 . In the presence of excess ATP, the completion of pro-OmpA(L59) translocation was not affected by either the secD1 mutation or the lack of PMF (Fig. 2a, lanes 13, 15, 18 and 20) . These results show that SecDF is required for the later, ATP-independent steps of translocation driven by the PMF, whereas the PMF is thought to accelerate even the initial stage of translocation (Supplementary Discussion). In addition, IMVs bearing inactive SecDF variants (described below) did not support the PMF-dependent completion of pro-OmpA translocation (Fig. 2c) .
To gain structural insights into the PMF-dependence of SecDF function, we compared its structure with that of AcrB 20 , an RND superfamily proton/multi-drug antiporter 16 ( Supplementary Fig. 5 ). AcrB forms a homotrimer, whereas SecDF is monomeric. Although the TM segments of SecDF and AcrB share low sequence identity of 15% ( Supplementary Fig. 6 ), the structures of their TM regions are similar, yielding a root mean square deviation of ,2.7 Å for the Ca atoms of the TM helices. By contrast, the structures and functions of the periplasmic regions are different between SecDF and AcrB. The TM region of AcrB is thought to participate in proton transport and contains several conserved, charged residues important for drug export activity, such as Asp 407, Asp 408, Lys 940 and Arg 971 21 ( Supplementary Fig. 5e ). Asp 407, Thr 978 and Arg 971 in AcrB have structural counterparts in TtSecDF: Asp 340, Thr 675 and Arg 671 respectively ( Fig. 3a and Supplementary Fig. 5e ). The conserved SecDF residues are clustered at the TM interfaces between SecD and SecF and in the periplasmic base region underneath the head ( Supplementary Fig. 7 ). We also note that Asp 637 is a highly conserved, membrane-embedded charged residue. Complementation tests indicated that the Asp519Asn mutation in EcSecD as well as the Asp213Asn and Arg247Met mutations in EcSecF (Fig. 3a) completely abolished SecDF activity and conferred some dominantnegative phenotypes (Fig. 3b) . Thus, these conserved charged residues are crucial for SecDF function, consistent with the hypothesis that SecDF conducts protons through the conserved TM region.
The halophilic marine bacteria Vibrio spp. use a sodium ion (Na 1 ) gradient instead of PMF for some cellular processes 22 . Vibrio alginolyticus has two sets of secDF genes encoding SecDF-1 and SecDF-2 complexes respectively. When VaSecDF-1 from V. alginolyticus 138-2 was expressed in the E. coli secD1 (Cs) mutant, the addition of NaCl, 
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but not KCl, to the medium restored protein export (Fig. 3c, lanes 1-3) . Export was dependent on the extracellular Na 1 concentration up to 50 mM (Fig. 3d) but such Na 1 -dependence was not observed with EcSecDF (Fig. 3c, lanes 11 and 12) . Thus, VaSecDF-1 facilitates protein export using a Na 1 gradient across the membrane. The Arg240Met and Asp206Asn mutations in VaSecF-1, corresponding to EcSecF Arg247Met and Asp213Asn respectively (Fig. 3a) , compromised the Na 1 -dependent protein export activity (Fig. 3c, lanes 4-7) . These results provide physiological evidence for cation-coupled protein translocation by SecDF.
To verify that SecDF utilizes the PMF and thus conducts protons, we performed inside-out patch clamp experiments 23 using E. coli giant spheroplasts 24 containing TtSecDF. Current recordings revealed that spheroplasts containing TtSecDF underwent transient channel openings under both symmetrical and asymmetrical pH conditions, whereas spheroplasts without TtSecDF did not (Supplementary Fig. 8a ). The channel activities were markedly enhanced by the imposition of a pH gradient as well as by the addition of a P1-interacting unfolded protein, casein, to the pipette (periplasmic side) solution (Fig. 3e left panel,  Supplementary Fig. 8a-c, Supplementary Discussion) . In addition, casein and acidic extracellular conditions increased the probability of opening of the SecDF-dependent ion channel (Fig. 3f) . Thus, ion-conduction can be regulated by a proton gradient and by the binding of an unfolded protein to SecDF. The use of a proton-specific fluorescent probe, BCECF-AM (29,79-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein, acetoxymethyl ester), confirmed SecDF-dependent proton import ( Supplementary Fig. 9 and Supplementary Discussion). The TtSecDF mutations Asp340Asn and Arg671Met, but not Asp637Asn, abolished ion channel activity (Fig. 3a and 3e right panel) , indicating that Asp 340 and Arg 671 in the TM region are essential for proton conduction and might be protonated transiently. Asp 637, which is sequestered from the putative main proton pathway in the TM region of both AcrB and SecDF ( Supplementary Fig. 5e ), might function in subsequent conformational changes that are required for the enhancement of protein translocation.
In addition to the TM residues, the P1 head domain is a critical element for proton transport. TtSecDF(D112-248), which lacks the head, did not show any signals in the patch clamp assay (Fig. 3e right  panel) and the corresponding EcSecDF mutant was defective in protein export (Supplementary Fig. 4f ). The conformational flexibility of P1 is also required for proton conduction because the TtSecDF double cysteine mutant, Leu106Cys/Leu243Cys (see Supplementary Fig. 4a,  b) , lacked channel activity in four of the six membrane patches examined. The variable results could be explained by incomplete crosslinking (more than 20%, data not shown). We think it is likely that the putative hinge motion of the P1 domain is coupled with both proton transport and protein export. Taken together, we propose that proton flow is the driving force for P1 domain movement and for the consequent enhancement of protein translocation by SecDF.
We have shown here that SecDF and PMF are required for the postinitiation mode of translocation, which can occur in the absence of ATP and SecA. This function depends on the ability of the periplasmic P1 domain to interact with a substrate and to undergo a structural transition between the I and F forms, which are likely to be in equilibrium. The F state of SecDF may place the tilted P1 head above the translocon pore, enabling it to capture an emerging preprotein (Fig. 4a) . The preprotein-bearing F form could then return to the I configuration (Fig. 4b) , preventing the backward movement of the substrate and driving its forward movement. The release of the bound preprotein from SecDF and the subsequent I to F conversion may be coupled to proton flow (Fig. 4c) . These action cycles will eventually lead to the completion of translocation, in which the substrate is released from the translocon. As the bacterial periplasm lacks ATP, SecDF may utilize the PMF to drive its conformational transition and delivery of substrates. The Asp and Arg residues in the TM region of SecDF could serve as putative proton acceptors in the proton relay pathway (Fig. 4c) . The corresponding residues of AcrB ( Supplementary Fig. 5e ) have been proposed to participate in proton conduction with their side chains assuming different configurations among the asymmetric protomers, 20 . Likewise, protonation of the key charged residues of SecDF could induce the twisting of TM4 and TM10. This would be transmitted to the conserved P1-TM4 linker region ( Supplementary Fig. 7 ) and would trigger the conformational transition of the P1 head subdomain.
Although direct evidence for the PMF-dependent conformational transition of SecDF will await further structural and functional studies, we have shown that SecDF is a component of the Sec machinery that utilizes the PMF to complete protein translocation after the ATPdependent function of SecA.
METHODS SUMMARY
X-ray diffraction analysis of TtSecDF was described previously 17 . The initial phases were determined by the single-wavelength anomalous dispersion method. The initial model was manually built, using the structures of the TM regions of AcrB and the separately-determined P1 and P4 domain structures as references (Supplementary Methods). The model was substantially improved by using the zonal scaling 25 and methionine-marking 26 methods and was finally refined to R work 5 29.8% and R free 5 31.9% at 3.3 Å resolution.
To monitor the later steps of translocation,
35
S-labelled pro-OmpA(L59) and IMVs, prepared as described previously 18, 27 , were incubated to form translocation intermediates which were then incubated under several conditions and treated with proteinase K. The translocation status of 35 S-pro-OmpA was examined by phosphor imaging after SDS-polyacrylamide gel electrophoresis (SDS-PAGE).
For the complementation test, E. coli secD1 (Cs) mutant cells carrying plasmids encoding HA-tagged EcSecD and EcSecF mutants were spotted onto LB agar plates (pH adjusted to ,7.5) and incubated at 20 uC. The efficiency of protein export in vivo was assessed by the 35 S-methionine pulse-labelling procedures. To monitor the protein transport activity of Vibrio SecDF-1, E. coli secD1 cells expressing VaSecD-1 and VaSecF-1 were pulse-labelled in the presence or absence of Na RESEARCH LETTER
